Progress in gene discovery for Autism Spectrum Disorder (ASD) has been rapid over the past decade, with major successes in validation of risk of predominantly rare, penetrant, de novo and inherited mutations in over 100 genes (de Rubies et al., 2015; Sanders et al., 2015). However, the majority of individuals with ASD diagnoses do not carry a rare, penetrant genetic risk factor. In fact, recent estimates suggest that most of the genetic liability of ASD is due to as yet undiscovered common, less penetrant inherited variation (Gaugler et al., 2014) which is much more difficult to detect. The study of extended, high-risk families adds significant information in our search for these common inherited risk factors. Here, we present results of a new, powerful pedigree analysis method (Shared Genomic Segments--SGS) on three large families from the Utah Autism Research Program. The method improves upon previous methods by allowing for within-family heterogeneity, and identifying exact region boundaries and subsets of cases who share for targeted follow-up analyses. Our SGS analyses identified one genome-wide significant shared segment on chromosome 17 (q21.32, p=1.47x10 -8 ).
A pedigree SGS analysis considers sampled, distantly related cases (without genotyping from connecting relatives) and poses the question as to whether the length of consecutively shared loci (identified as identical-by-state, or IBS) among affected cases is longer than expected by chance [18] .
IBS is established by determining if alleles at sequential loci are the same (phase is ignored). IBS is not the same as identity-by-descent (IBD; the same inherited segment from a common ancestor) which is our true interest; however, if the length of SGS shared IBS is significantly longer than expected by chance (given the known pedigree relationships) then IBD is implied. Observed sharing statistics (length of sharing) for a given pedigree are compared to simulated ("null") shared statistics for an identical pedigree structure to determine empirical probabilities. Simulations involve assigning founder haplotypes (based on the graphical model of linkage disequilibrium) followed by simulating Mendelian inheritance (with recombination likelihoods derived from Rutgers map) to all pedigree members ("genedropping"). For the length of a simulated segment to surpass an observed segment, the simulated shared segment must span the entire observed segment. For each pedigree, all possible combinations of affected cases were assessed for sharing. The total number of simulations to determine empirical significance for each subset of cases and for each chromosome ranged from 300,000 to 200,000,000.
After a minimum of 300,000 simulations, no further simulations were performed on any particular subset where the most significant segment was observed at least three times in simulated data.
Thresholds for significance were determined using a modification of the technique previously described by Lander and Kruglyak (1995) for assessing significance in linkage analysis [27] . The modification incorporates extreme value theory and the law of large deviations in order to account for multiple testing (See supplemental methods). Briefly, empirical p-values for each marker were optimized by selecting the lowest p-value at each marker across all subsets, and reduced such that any shared segment in the optimized set was represented only once. The resulting distribution of p-values was used for threshold determination as described in supplemental methods. Additionally, to identify common segments shared across multiple families, the optimized p-values from each family were combined across families using Fisher's method in R (metap, v0.7). There were two comparisons. First, we compared all families by combining optimized p-values across all three families. Second, we compared pairs of families by combining optimized p-values across each pair, then re-optimized at each marker using the combined p-values from each of the three pair combinations (8002-10001, 8002-25002, 10001-25002) . Since these two comparisons are not independent, the thresholds were adjusted accordingly.
Although SGS infers IBD in shared segments, it only directly measures IBS. Therefore, for any significant SGS regions, the actual IBD segments are likely flanked by segments of random IBS, i.e. the actual interesting segment may be smaller than the SGS region identified. To address this, we utilized the presence of multiple affected siblings in each of our families to identify the most likely IBD segment, as follows. Consider a hypothetical family consisting of three affected cases. Case1 and Case2 are siblings, and Case3 is distantly related. Case2 and Case3 share a segment spanning markers A, B, C, D, and E. However, when considering Case1, Case2, and Case3, the shared segment only spans A, B, and C, so therefore we infer that markers D and E were likely random IBS between the two distant cousins, and the actual IBD region is A, B, and C.
To assess preferential segregation of identified shared segments to ASD cases, significant segments were re-analyzed including all possible combinations also of unaffected siblings of cases, who serve as within-family controls. We assume variants associated with ASD risk may have reduced penetrance and/or may affect sub-clinical aspects of ASD that can occur in unaffected siblings; therefore, some degree of segregation to these siblings is not unexpected. However, excessive segregation to unaffected siblings may indicate a false positive result. Although we prioritized findings where less than one half of within-family controls shared the same segment, all segments with evidence of IBD are reported.
Online bioinformatics for segment follow-up
Base pair boundaries for each shared segment were defined as: previous unshared marker base position + 1bp before the shared segment to the first unshared marker base position -1bp after shared segment. Genes within shared segments were identified using the Table Browser tool [28] from the UCSC Genome Browser [29, 30] . Known ASD risk genes were identified using ASD@Princeton
[31], a new, validated, web-based tool developed using machine-learning techniques based on known ASD genes and a human brain-specific gene network.
Plotting
Plots and visualizations were generated using the UCSC Genome Browser, R v3. 
Results

Shared Genomic Segments
Significance thresholds for families and shared segments meeting those thresholds in each family are shown in Table 2 and Figure 2 . One segment on chromosome 17 from family 10001 reached genome-wide significant (chr17q21.32, p=1.47x10 -8 ), with only a single unaffected sibling (76756) also sharing. Several segments in each family exceeded genome-wide suggestive thresholds. In family 8002, three shared segments reached the suggestive threshold, two on chromosome 4 and one on chromosome 13. Segregation of segments ranged from 3-9 internal controls out of 12 total. In family 10001, three segments reached the suggestive threshold, one each on chromosomes 3, 6, 14.
Segregation ranged from 3-7 out of 8 total internal controls. In family 25002, two segments, one each on chromosome 11 and 15, reached the suggestive threshold with 3-7 out of 12 internal controls also sharing. Shared segments for each family are shown in Figure 3 , along with genes in each segment.
Genes were only included figure if they resided in the shared segment of interest ( Figure 3 ). Only segments with genes are shown. Specific subset details are given in Supplemental Material.
Overlapping segments from multiple families
Significance thresholds for segments identified in multiple families and shared segments meeting those thresholds in each family are shown in Table 3 and Figure 2 . Several segments met the suggestive threshold. When considering multiple families, an additional 13 regions are identified. These segments are shown in Figure 3 along with the genes in each segment. Again, genes were included in the figure if they resided in the shared segment of interest. Only segments with genes are shown.
Discussion
This analysis has revealed several familial shared genomic segments that may harbor variants contributing to Autism Spectrum Disorder risk in specific cases in our study. From within-family analyses, these segments are on chromosomes 3, 4, 6, 11, 13, 14, 15, and 17 In family 8002, seven affected members share the segment on chromosome 4p13 containing ATPase phospholipid transporting 8 A1 (ATP8A1). ATP8A1 was shown to be elevated in post-mortem human juvenile hippocampal tissue from subjects with ASD, and the same study showed deficits in mouse sociability behavior due to induced ATP8A1 overexpression [34] . However, ATP8A1 knockout mice also showed differences in hippocampal function [34, 35] , suggesting that precise regulation of ATP8A1 is necessary for normal hippocampal development and function. Three of twelve unaffected siblings also share this segment, so it predominantly is segregating to affected cases.
In family 10001, all eight affected family 10001 members share the segment on chromosome 3p21.31-p21.2 containing calcium voltage-gated channel auxiliary subunit alpha 2 delta 2 (CACNA2D2) and dedicator of cytokinesis 3 (DOCK3). Three of eight unaffected siblings also share this segment. Shared genomic segments analysis has the ability to narrow the search for meaningful risk variants that may be more common and have reduced penetrance, plus the capacity to tie variants to specific phenotypes in a cohort of affected cases. Furthermore, SGS is not limited to exome variation with a much smaller universe of potential variants. This study has demonstrated each of these points, and follow-up analyses will focus on identifying risk variants in these families using whole genome sequencing.
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